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The transition metal chalcogenide Ta2NiSe5 undergoes a second-order phase transition at Tc =
328 K involving a small lattice distortion. Below Tc, a band gap at the center of its Brillouin zone
increases up to about 0.35 eV. In this work, we study the electronic structure of Ta2NiSe5 in its
low-temperature semiconducting phase, using resonant inelastic x-ray scattering (RIXS) at the Ni
L3-edge. In addition to a weak fluorescence response, we observe a collection of intense Raman-like
peaks that we attribute to electron-hole excitations. Using density functional theory calculations
of its electronic band structure, we identify the main Raman-like peaks as interband transitions
between valence and conduction bands. By performing angle-dependent RIXS measurements, we
uncover the dispersion of these electron-hole excitations that allows us to extract the low-energy
boundary of the electron-hole continuum. From the dispersion of the valence band measured by
angle-resolved photoemission spectroscopy, we derive the effective mass of the lowest unoccupied
conduction band.
INTRODUCTION
The interplay of electronic correlations and structural
instabilities can lead to complex phase transitions in-
volving both the electronic and lattice degrees of free-
dom. In that context, the low-dimensional compound
Ta2NiSe5 has stimulated large interest in the last decade,
because of its tiny orthorhombic-to-monoclinic structural
phase transition occurring at the critical temperature
Tc = 328 K and a concomitant increase of its band gap
at lower temperatures [1]. These observations launched
a vivid debate on the nature and origin of this phase
transition, and on the role of electron-hole interaction,
in view of the possible realization of an excitonic insu-
lator phase [2, 3]. Thus, determining the nature of the
low-energy electronic structure of Ta2NiSe5 in the normal
phase, above Tc, and in the low-temperature phase with
a reconstructed lattice, below Tc, is crucial to model its
ground state. Indeed, the question of the existence of a
Fermi surface above Tc might be a key aspect to discrimi-
nate the mechanism responsible for its instability, as well
as its reconstruction and possible disappearance below
Tc. It is therefore important to gather all possible infor-
mation on the electronic structure of Ta2NiSe5, not only
on the occupied states, but also on the unoccupied states
close to the Fermi level EF . Momentum-resolved probes
of unoccupied states are rare and less straightforward
as angle-resolved photoemission spectroscopy (ARPES)
for occupied states. Recently, resonant inelastic x-ray
scattering (RIXS) has been used for this purpose on the
semimetal charge density wave (CDW) material TiSe2
[4].
Ta2NiSe5 belongs to the family of quasi-two-
dimensional chalcogenides with large van der Waals gaps
(see Fig. 1(a)). It displays an intralayer quasi-one di-
mensional crystal structure with parallel chains of Ta
and Ni atoms [5]. Below Tc = 328 K, the Ta-Ni sep-
aration shortens due to a second-order crystallographic
phase transition without any signature of a CDW, and
the unit cell changes from orthorhombic to monoclinic
symmetry [1]. At Tc, the valence band maximum mea-
sured by ARPES at Γ continuously shifts to higher bind-
ing energy up to about 0.18 eV [6, 7], and the optical
band gap increases in a similar way up to about 0.16 to
0.22 eV [8, 9]. The nature of the low-energy electronic
structure above Tc is currently heavily debated, and ar-
gued to be a semimetal [10–12], a zero-gap semiconductor
[13] or a semiconductor [6, 7, 14]. The difficulty of clas-
sifying its electronic structure arises from the small size
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FIG. 1. (a) Schematic description of the experimental ge-
ometry. (b) XAS spectrum of Ta2NiSe5, measured at the
Ni L3-edge by total fluorescence yield with σ−polarized in-
cident light at 30 K and for specular geometry (Q‖ = 0).
The Brillouin zone of the low-temperature monoclinic phase
of Ta2NiSe5 is shown in the inset.
of the band gap at the Fermi level and the occurrence of
fluctuations of the low-temperature phase [7], potentially
hiding the true semimetallic nature of Ta2NiSe5 [15]. In
a configuration interaction picture, Ta2NiSe5 has been
shown to be a negative change transfer material and its
Ni site has mainly a d9L ground state with some d10L2
contribution [2]. In parallel, studies based on density
functional theory (DFT) calculations disagree on its ca-
pability to capture the normal state of Ta2NiSe5, notably
due to the difficulty of finding an appropriate functional
for describing this material [11, 12, 16, 17]. In addition,
time-resolved studies based on pump-probe techniques
support the existence of an excitonic insulator ground
state at low temperature [14, 18–21]. It has been no-
tably shown that this correlated ground state makes it
possible to control the size of the band gap in Ta2NiSe5,
depending on the excitation density [14]. However, so far,
no momentum-resolved data on the unoccupied states of
Ta2NiSe5 have been published.
In this article, we present a RIXS study at the Ni
L3−edge of Ta2NiSe5 at low temperature, in the mon-
oclinic phase. RIXS spectra are measured as a function
of incident photon energy and they show both fluores-
cence and Raman-like spectral components. We focus on
the Raman-like components, which we interpret as in-
terband electron-hole excitations in the semiconducting
electronic configuration of this material at low temper-
ature. A comparison with DFT calculations permits to
identify most of the low-energy RIXS peaks with specific
interband transitions. By varying the in-plane compo-
nent of the transferred momentum of light in the RIXS
process, we map its electron-hole continuum both in en-
ergy and momentum. This allows us to extract the low-
temperature band gap value of Ta2NiSe5, as well as the
effective mass of the lowest conduction band, thanks to
a comparison with existing ARPES data.
METHODS
RIXS experiments were performed at the ADRESS
beamline [22], of the Swiss Light Source, Paul Scherrer
Institut, using the SAXES spectrometer [23]. A scatter-
ing angle of 130◦ was used and all the spectra presented
here were measured with linearly σ−polarized incident
light (perpendicular to the scattering plane, see Fig. 1
(a)). The combined energy resolution was 150 meV at
the Ni L3-edge (∼ 850 eV). Ta2NiSe5 single crystals were
cleaved in-situ (with a surface in the (001) direction) at
a pressure of about 1 · 10−8 mbar. Ta2NiSe5 single crys-
talline samples were prepared by reacting the elemental
nickel, tantalum and selenium with a small amount of
iodine in a evacuated quartz tube. The tube was slowly
heated and kept with a temperature gradient from 950 ◦C
to 850 ◦C for 7 days, followed by slow cooling. Single
crystalline samples with a typical size of 0.04×1×10 mm3
were obtained in the cooler end. Density functional the-
ory and the projector augmented wave (PAW) method
implemented in VASP [24–29] were used for band struc-
ture calculations in the monoclinic phase with experi-
mentally determined structural parameters [30]. The ki-
netic energy cutoff of the plane-wave basis was 500 eV,
and the Brillouin zone integration was performed using a
11×11×5 k-point grid. The exchange-correlation effects
were included within the strongly constrained and appro-
priately normed (SCAN) [31] meta-generalized gradient
approximation.
RESULTS AND DISCUSSION
In Fig. 1 (a), the geometry adopted for this study is
depicted. The scattering plane (defined by the incoming
and outgoing x-ray beams) is parallel to the a−b planes of
Ta2NiSe5 and perpendicular to the c−axis of Ta2NiSe5.
In this geometry, the transferred momentum of light ~Q
has a component both along the a−axis (parallel to the
direction of Ni- and Ta-chains and to the ΓX direction
in reciprocal space), Q‖, and along the b−axis, Q⊥. The
in-plane ΓZ and ΓX distances are about 0.2 A˚
−1
and
0.9 A˚
−1
, respectively, and the out-of-plane ΓY distance
is about 0.24 A˚
−1
. We first discuss the X-ray absorption
spectroscopy (XAS) data of Ta2NiSe5 measured at the
Ni L3-edge in total fluorescence yield at 30 K, reported
in Fig. 1(b). The main structure lies in the range of
energies 852 to 856 eV and consists of two peaks, the
most intense one being at 854.5 eV and the second one
making a shoulder at about 853.7 eV.
In Fig. 2, we show our RIXS data obtained at 30 K
with σ−polarized incoming light, for incident energies
~ωin varying along the XAS spectrum, at the Ni L3-
edge. The RIXS map in Fig. 2(a) consists mainly
of two structures: an intense broad peak centered at
3(a) (b)
FIG. 2. (a) RIXS map as a function of incident photon
energy, measured at the Ni L3-edge with σ−polarized incident
light at 30 K and near specular geometry (Q‖ = 0.06 A˚
−1
).
(b) RIXS spectra at selected incident photon energies, shown
in the legend. The dashed lines indicate the main fluorescence
and Raman-like structures.
about ~ωin = 854.4 eV and a weaker peak which dis-
perses like fluorescence from ~ωin = 853 eV eV up to
~ωin = 860 eV eV. In Fig. 2(b), we show particular RIXS
spectra acquired in the low incident energy region, up to
~ωin = 854 eV. In this range of incident photon energies,
several peaks at low energy loss display a Raman behav-
ior, i.e. appear at fixed energy loss for varied incident
energies. In contrast to this, the broad fluorescence struc-
ture disperses from 3 to 4 eV energy loss. We now focus
on the low energy loss Raman-like peaks and their inter-
pretation. At low temperature, in the monoclinic phase,
Ta2NiSe5 exhibits a semiconductor electronic structure
with a direct gap, displaying bands dispersing on about
1 eV within ±0.5 A˚−1 around Γ [6, 11]. For these rea-
sons, we interpret the broad peaks between 0 and 2 eV
energy loss in Ta2NiSe5 as interband electron-hole excita-
tions conserving the transferred momentum and energy
of light in the scattering event of the RIXS process, in
the same way as it was demonstrated for the semimetal
TiSe2 [4]. In particular, we observe that the spectra ac-
quired for lower incident photon energies display more
spectral weight at low energy loss and therefore seem to
be more sensitive to low-energy electron-hole excitations.
To better interpret this, we look at the band structure
of Ta2NiSe5 calculated with DFT in the low-temperature
monoclinic phase, displayed in Fig. 3(a). There have
been various DFT studies of Ta2NiSe5 since 2012 and
mainly two difficulties were encountered for this com-
plicated material. First, the description of its normal
phase band structure above Tc is delicate, because the
electronic structure of Ta2NiSe5 is close to being either a
semimetal or a semiconductor, depending on the fine de-
tails of the DFT calculation, and especially on the choice
of an appropriate functional for describing this mate-
rial [11, 12, 16, 17, 32]. Second, the evaluation of the
(a) (b)
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FIG. 3. (a) Calculated band structure of Ta2NiSe5 along the
main high symmetry directions (see the inset of Fig. 1(b) for a
description of the high symmetry points). (b) RIXS spectrum
near specular geometry (Q‖ = 0.06 A˚
−1
) for ~ωin = 853.3 eV
measured with σ−polarized incident light at 30 K. The col-
ored arrows indicate fine structures in the RIXS spectrum
that we attribute to specific interband transitions in the band
structure of graph (a). The inset shows a possible extraction
of the minimum gap by extrapolating the low-energy cut-off
of the RIXS spectrum down to the baseline.
band gap in the low-temperature semiconducting phase
is a difficult task, because it is a combination of a hy-
bridization band gap due to the low symmetry mono-
clinic phase and a correlation gap due to the excitonic
insulator phase. The evaluation of the hybridization gap
within DFT results in a value between 30 meV and 140
meV [11, 12, 32]. The correlation gap in the excitonic
insulator phase has been so far approached by model
Hamiltonians [3, 7, 15, 16]. In this context, our calcu-
lated band structure agrees well with the literature, giv-
ing a hybridization gap in the monoclinic phase of about
70 meV and band dispersions similar to recent studies
[11, 12, 32].
Based on our band structure calculation (Fig. 3(a)),
we attempt to attribute specific interband transitions in-
volving occupied and unoccupied bands to the peaks and
shoulders observed in the RIXS spectrum near Q‖ ∼ 0
below 3 eV energy loss. We display in Fig. 3(b) such a
RIXS spectrum taken at ~ωin = 853.3 eV near specular
(Q‖ = 0.06 A˚
−1
). At this low incident energy (with re-
spect to the main peaks in the XAS spectrum), the struc-
tures in the RIXS spectrum are the clearest and we also
expect to probe electron-hole excitations close to the ex-
trema of the valence and conduction bands. The compar-
ison between the calculated band structure and the RIXS
spectrum is rendered in Fig. 3 by the colored arrows on
graphs (a) and (b). The horizontal (energy) position of
the vertical arrows on graph (b) are positioned approxi-
mately at the energy loss corresponding to the interband
4transitions in graph (a). The agreement on this assign-
ment is good and highlights possible vertical (Q‖ ∼ 0)
transitions that are expected to involve a large number
of states in the band structure, because of relatively flat
bands. We stress here that we show in Fig. 3 (a) only
few possibilities and that this should be generalized to
the whole Brillouin zone of Ta2NiSe5, since all interband
transitions fulfilling momentum and energy conservation
are expected to contribute to the RIXS signal [? ].
In this approach, we make three assumptions. (i) We
neglect the effect of band dispersions perpendicular to
the surface, along ΓY (i.e. we neglect any influence of
Q⊥). This is verified in the DFT band structure plot
of Fig. 3(a), for which dispersions along ΓY are mostly
below 0.2 eV (much smaller than the energy loss scale of
the RIXS spectrum in Fig. 3(b)). (ii) We assume that
the position of the peaks and shoulders in the RIXS spec-
trum at lowest energy loss for Q‖ = 0 is representative of
direct transitions in the DFT band structure plot of Fig.
3(a). Indeed, the number of possible direct transitions
between two parabolic dispersions of opposite effective
mass tends to increase as the energy loss (energy dif-
ference for the electron-hole excitation) increases. As a
consequence, the resulting peak in RIXS becomes asym-
metric on the higher energy loss side (see Fig. 3(b) in Ref.
[4]). Again, looking at the DFT band structure plot of
Fig. 3(a), most dispersions near Γ and Z are parabolic.
(iii) We neglect any RIXS matrix elements modulating
the intensity, as well as the orbital character of the in-
volved states. This is an audacious assumption, but, to
overcome this assumption, one would need a state-of-the-
art RIXS calculation for a multiorbital dispersive mate-
rial like Ta2NiSe5, which goes beyond the present study.
It is instructing to note that the low-energy interband
transitions resonate when the incident photon energy is
tuned to the shoulder in the Ni L3-edge XAS of Ta2NiSe5
at around 853.7 eV (see Fig. 2). When the photon inci-
dent energy is tuned to the main peak of the XAS, the
RIXS spectra display mainly an intense peak at about
-2 eV energy loss, which by analogy can be traced back
to interband transitions involving the dense flat bands at
around 2 eV above the Fermi level in Fig. 3 (a) (these
states have a significant Ni character [16]). This interpre-
tation suggests that the two-peak structure of the XAS of
Ta2NiSe5 is mostly reflecting the unoccupied DOS of this
material, implying that the core-hole potential of the Ni
2p states does not have a strong effect on the XAS final
states.
Having motivated that RIXS effectively measures
electron-hole excitations in Ta2NiSe5, we next vary the
in-plane momentum Q‖ by rotating the sample with re-
spect to the (fixed) incoming and outgoing light beams
(in practice, this is done by varying the incident angle
θ in Fig. 1(a)). For negligible dispersions perpendicular
to the sample surface, as confirmed above, this procedure
permits to map electron-hole excitations in a momentum-
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FIG. 4. (a) RIXS spectra measured as a function of in-plane
momentum Q‖ along the ΓX direction. These spectra were
obtained for ~ωin = 853.3 eV and with σ−polarized incident
light at 30 K. (b) RIXS map as a function of in-plane momen-
tum Q‖ along the ΓX direction (same parameters as in (a)).
(c) Example (Q‖ = 0.06 A˚
−1
) spectrum of graph (a) of our
procedure for extracting the edge of the electron-hole contin-
uum, using the second derivative of (smoothed) RIXS spectra.
(d) Dispersion of the electron-hole continuum extracted from
the RIXS map in graph (b), together with a parabolic fit near
its minimum.
resolved way. The RIXS spectra, taken at 30 K, are
shown in Fig. 4(a) and the corresponding false color
map in Fig. 4(b). Clear dispersions of the Raman-like
peaks are observed, especially below 2 eV energy loss.
However, it is difficult to extract all momentum-resolved
contributions, because there are many overlapping peaks.
We therefore focus on the low-energy edge of the RIXS
spectra (below 1 eV energy loss). In our picture, it is
related to the edge of the electron-hole continuum of
Ta2NiSe5 and is therefore the result of the momentum-
and energy-resolved convolution of the highest valence
band and the lowest conduction band [4]. To extract
the dispersion of this continuum edge, we perform a sec-
ond derivative (in the direction of the energy loss) of the
smoothed RIXS spectra. An example is shown in Fig.
4(c), for Q‖ = 0.06 A˚
−1
. We attribute the pronounced
minimum with the lowest energy loss (apart from the
elastic line) to the continuum edge. From the position
of the lowest-energy peak for the RIXS spectra measured
near specular (Q‖ ∼ 0), we find that the first electron-
hole excitation starts at about 0.38 eV. This value cor-
responds to the size of the charge gap in Ta2NiSe5 at 30
K, as determined from our RIXS study, and is in good
agreement with the charge gap estimated from scanning
5tunneling spectroscopy measurements (at 78 K) [12] or
from a symmetric band behavior around the Fermi level
in photoemission [6]. At first glance, it is substantially
larger than the gap of 0.16 to 0.22 eV obtained from
recent optical studies that probe Q = 0 interband tran-
sitions [8, 9, 13]. However, applying the same analysis
method and extrapolating the low-energy cut-off of the
RIXS spectrum down to the intensity baseline (see the
inset of Fig. 3(b)) provides us with a gap of 0.17 eV, in
very good agreement with optical data.
Extending the second-derivative analysis to all RIXS
spectra, we extract the dispersion of the continuum edge,
which is plotted as open red circles in Fig. 4(b). Fitting
this dispersion with a parabola, we find that the effec-
tive mass of the continuum edge is about Mtot = 1.7me,
with me the electron mass in vacuum. The edge of the
electron-hole continuum is a convolution of the disper-
sions of the highest valence band and lowest conduc-
tion band. For approximate parabolic bands of effec-
tive masses mVB and mCB along the ΓX direction, the
effective mass of the convoluted dispersion measured in
RIXS is Mtot = mVB + mCB. In their ARPES study of
Ta2NiSe5, Wakisaka et al. have found that the effective
mass of the occupied valence band along ΓX is about
mVB = 0.4me at low temperature, based on a parabolic
fit of its top part [6]. This value of mVB is most likely
a lower bound, since the parabolic fit does not account
for the flat top part of the valence band and is limited
to a small energy range (∼ 0.3 eV). Therefore, from the
data of Wakisaka et al. [6], we estimate a higher bound
for mVB = 0.8me using a larger energy and momentum
range for a parabolic fit, since the electron-hole contin-
uum in consideration here is measured over an energy
range of about 1 eV. Using these extreme values, we find
that the lowest conduction band must have an effective
mass mCB between 1.3me and 0.9me.
The observation of clear dispersive electron-hole exci-
tations in direct RIXS for low-dimensional materials is
still quite exceptional, since it has been observed only
in TiSe2 [4] and Ta2NiSe5 so far. This is in contrast
to cuprate and nickelate materials, which have attracted
much attention in the last decade in the RIXS commu-
nity. Especially on the underdoped side of their phase
diagram, cuprates show prominent Raman-like crystal
field excitations, called dd−excitations, that hardly dis-
perse, except in the case of exotic orbiton physics [33–35].
In these strongly correlated systems, Eisebitt and Eber-
hardt have already stressed that the weakly-screened
core-hole at the L−edge gives rise to strong excitonic
effects and opens channels for relaxation of the excited
electron in the intermediate state, thus making the in-
terpretation of RIXS spectra in terms of band mapping
difficult or even impossible [36]. For TiSe2 and Ta2NiSe5,
the screening of the core-hole is larger. In this case, the
dispersive electron-hole excitations can be seen as disper-
sive dd−excitations (or crystal field excitations), in the
sense that they are the result of energy- and momentum-
conserving transitions between electronic bands split by
the crystal field (and by their dispersion due to transfer
integrals). However, electron-hole excitations appear on
the overdoped side of cuprates and their modeling with
the charge susceptibility [37–39] (or more evolved theo-
retical approaches [40, 41]) tends to attest of a similar
picture as the one described in this work.
In that framework, it is remarkable that such dispersive
electron-hole excitations are not observed in iron pnic-
tides [42–49]. The main difference in that respect is that
pnictides are semimetals with a rather large density of
states near the Fermi level, contrarily to Ta2NiSe5 and
TiSe2 (which is a semimetal with a very small density of
states near the Fermi level). Additionally, magnetic exci-
tations are dominant in RIXS for pnictides at low energy,
while both Ta2NiSe5 and TiSe2 are non-magnetic materi-
als. We believe that the presence of many charge carriers
near the Fermi level makes it easy for the excited valence
electron in the intermediate state of the RIXS process to
scatter due to electron-electron interaction, leading to a
loss of momentum conservation between the excited elec-
tron and hole in the final state of the RIXS process. This
is described as k-unselective processes (or sometimes in-
coherent processes) [36]. It would be therefore very inter-
esting to extend this momentum-resolved measurements
of dispersive electron-hole excitations to semiconducting
materials with large band gaps, to better determine the
necessary conditions for (coherent) k-selective processes.
CONCLUSIONS
In summary, we have measured the quasi-one-
dimensional material Ta2NiSe5 with resonant inelastic x-
ray scattering at the Ni L3−edge at low temperature.
In addition to a fluorescence component, we observe
Raman-like excitations up to 2 eV energy loss for incident
photon energies tuned to a pre-edge shoulder in the X-ray
absorption spectrum. They are interpreted as interband
electron-hole excitations in this dispersive material and
are identified as specific transitions between bands calcu-
lated with density functional theory. Focusing on these
interband excitations, we have acquired RIXS spectra as
a function of parallel momentum along the most disper-
sive axis of Ta2NiSe5. In this way, the momentum- and
energy-resolved electron-hole continuum of Ta2NiSe5 is
mapped. This allows us to estimate the band gap of this
semiconductor and also to extract the effective mass of
the lowest conduction band from the edge of the disper-
sive electron-hole continuum. We hope that our exper-
imental work will serve as a benchmark for a delocal-
ized and weakly correlated material and will stimulate
a state-of-the-art RIXS calculation like the new dynami-
cal mean-field theory based method recently proposed by
Hariki et al. [50].
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